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1
ALL SOLID STATE BATTERY

TECHNICAL FIELD

The present invention relates to an all solid state battery
suitable for high rate charging.

BACKGROUND ART

For example, a lithhum battery has been widely put to
practical use 1n the field of information relevant apparatuses
and communication apparatuses by reason of having a high
clectromotive force and a high energy density. On the other
hand, the development of an electric automobile and a
hybrid automobile has been hastened also 1n the field of
automobiles from the viewpoint of environmental 1ssues and
resource problems, and a lithium battery has been studied
also as a power source thereof.

Liquid electrolyte containing a flammable organic solvent
1s used for a presently commercialized lithium battery, so
that the installation of a safety device for restraining tem-
perature rise during a short circuit and the improvement in
structure and material for preventing the short circuit are
necessary therefor. In contrast, an all solid lithium battery
all-solidified by replacing the liquid electrolyte with a solid
clectrolyte layer 1s conceived to intend the simplification of
the safety device and be excellent in production cost and
productivity for the reason that the flammable organic sol-
vent 1s not used 1n the battery.

Such an all solid state battery generally has a cathode
active matenal layer, an anode active material layer, and a
solid electrolyte layer formed between the cathode active
material layer and the anode active material layer. For
example, in Patent Literature 1, an all solid state battery
having a solid electrolyte layer with a film thickness of 10

um to 300 um and a voidage of 30% or less, containing a
sulfide solid electrolyte, 1s disclosed. Also, pressurizing at a

pressure of 30 MPa to 1000 MPa (306 kgf/cm” to 10200

kef/cm?) is disclosed as a method for making a voidage of
the electrolyte layer into 30% or less.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Publica-
tion (JP-A) No. 2009-176541

SUMMARY OF INVENTION

Technical Problem

The improvement of charging characteristics at high rate
1s claimed for an all solid state battery. It 1s concerved to be
necessary to control the next four factors for mput charac-
teristics 1n high rate charging. That 1s to say, 1t 1s conceived
to be necessary to control confining pressure of a battery
clement, voidage of an anode active material layer, orien-
tation property of an anode active material layer, and hard-
ness of an anode active material. However, 1n Patent Lit-
crature 1, the problem 1s that the control of the four factors
described above 1s so insuflicient that input characteristics 1in
high rate charging deteriorate. The present mvention has
been made 1n view of the actual circumstances, and the main
object thereot 1s to provide an all solid state battery suitable
for high rate charging.
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Solution to Problem

In order to achieve the above-described object, 1n the
present invention, there 1s provided an all solid state battery
comprising a battery element having a cathode active mate-
rial layer, an anode active material layer, and a solid elec-
trolyte layer formed between the cathode active material
layer and the anode active material layer, characterized 1n
that the anode active material layer contains graphite as an
anode active material and a sulfide solid electrolyte, the
graphite has a hardness of 0.36 GPa or more by a nanoin-
dentation method, and the battery element 1s confined at a
pressure more than 75 kgf/cm”.

According to the present invention, the graphite as an
anode active material has a predetermined hardness and the
battery element 1s confined at a predetermined pressure
(confining pressure), so that input characteristics during high
rate charging improve. Thus, an all solid state battery
suitable for high rate charging may be obtained.

Further, 1n the present invention, there 1s provided an all
solid state battery comprising a battery element having a
cathode active material layer, an anode active material layer,
and a solid electrolyte layer formed between the cathode
active material layer and the anode active material layer,
characterized 1n that the anode active material layer contains
graphite as an anode active material and a sulfide solid
clectrolyte, the graphite has an I,,,/1,,, value of 200 or less
after pressing at a pressure of 4.3 ton/cm” in the case of
regarding X-ray diffraction intensity of a peak on (002)
plane as I,,, and X-ray diffraction intensity of a peak on
(110) plane as I,,,, and the battery element 1s confined at a
pressure more than 75 kgf/cm”.

According to the present invention, the I,,./1,,, value 1s
within a predetermined range and the battery element 1s
pressured at a predetermined pressure (confining pressure),
so that input characteristics during high rate charging
improve. Thus, an all solid state battery suitable for high rate
charging may be obtained.

Further, 1n the present invention, there 1s provided an all
solid state battery comprising a battery element having a
cathode active material layer, an anode active material layer,
and a solid electrolyte layer formed between the cathode
active matenial layer and the anode active matenal laver,
characterized 1n that the anode active material layer contains
graphite as an anode active material and a sulfide solid
clectrolyte, the graphite has a hardness of 0.36 GPa or more
by a nanoindentation method, and a voidage of the anode
active material layer 1s 30% or less.

According to the present invention, the graphite as an
anode active material has a predetermined hardness and the
voldage of the anode active material layer 1s within a
predetermined range, so that input characteristics during
high rate charging improve. Thus, an all solid state battery
suitable for high rate charging may be obtained.

Further, 1n the present invention, there 1s provided an all
solid state battery comprising a battery element having a
cathode active material layer, an anode active material layer,
and a solid electrolyte layer formed between the cathode
active material layer and the anode active material layer,
characterized 1n that the anode active material layer contains
graphite as an anode active material and a sulfide solid
clectrolyte, the graphite has an 1,,./1,,, value of 200 or less
after pressing at a pressure of 4.3 ton/cm” in the case of
regarding X-ray diffraction intensity ol a peak on (002)
plane as 1,5, and X-ray diffraction intensity of a peak on
(110) plane as I,,,, and a voidage of the anode active
material layer 1s 30% or less.
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According to the present invention, the I,,./I,,, value 1s
within a predetermined range and the voidage of the anode
active material layer 1s within a predetermined range, so that
input characteristics during high rate charging improve.
Thus, an all solid state battery suitable for high rate charging
may be obtained.

ftects of Invention

(L]

Advantageous .

The present invention produces the eflect such as to allow
an all solid state battery suitable for high rate charging.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic cross-sectional view showing an
example of an all solid state battery of the present invention.

FIG. 2 1s a schematic view explaining an example of an
anode active material layer in the present invention.

FIG. 3 1s a schematic cross-sectional view showing an
example of a layer structure of graphaite.

FI1G. 4 15 a schematic view explaining another example of
an anode active material layer in the present invention.

FIG. § 1s a schematic view explaining another example of
an anode active material layer i the present invention.

FIG. 6 15 a schematic view explaining another example of
an anode active material layer in the present invention.

DESCRIPTION OF EMBODIMENTS

An all solid state battery of the present invention may be
roughly divided into four embodiments.
Each of the embodiments 1s hereinafter described.

1. First Embodiment

The all solid state battery of a first embodiment 1s an all
solid state battery comprising a battery element having a
cathode active material layer, an anode active material layer,
and a solid electrolyte layer formed between the cathode
active material layer and the anode active matenal layer,
characterized 1n that the anode active material layer contains
graphite as an anode active material and a sulfide solid
clectrolyte, the graphite has a hardness of 0.36 GPa or more
by a nanoindentation method, and the battery element 1s
confined at a pressure more than 75 kgf/cm”.

FIG. 1 1s a schematic cross-sectional view showing an
example of the all solid state battery of the first embodiment.
An all solid state battery 10 1 FIG. 1 comprises a battery
clement 6 having a cathode active material layer 1, an anode
active material layer 2, and a solid electrolyte layer 3 formed
between the cathode active material layer 1 and the anode
active material layer 2. The battery element 6 further has a
cathode current collector 4 formed on the surface of the
cathode active material layer 1 opposite to the solid elec-
trolyte layer 2, and an anode current collector 5 formed on
the surface of the anode active material layer 2 opposite to
the solid electrolyte layer 3.

FIG. 2 1s a schematic view showing an example of an
anode active material layer included in the all solid state
battery in the embodiment. As shown in FIG. 2, the anode
active material layer 2 contains graphite 2a as an anode
active material and a sulfide solid electrolyte (not shown 1n
the figure). With regard to the graphite 2a, a hardness
calculated by a nanoindentation method 1s 0.36 GPa or
more. Also, the battery element 6 1s confined at a pressure
(confining pressure) more than 75 kgf/cm”.
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According to the embodiment, the anode active material
layer has the graphite, in which hardness by a nanoinden-
tation method 1s a predetermined value or more, as an anode
active material and the battery element 1s confined at a
predetermined pressure (confining pressure), so that input
characteristics during high rate charging improve. Thus, an
all solid state battery suitable for high rate charging may be
obtained.

Thus, the reason why the graphite has a predetermined
hardness and the battery element i1s confined at confining
pressure ol a predetermined value and thereby input char-
acteristics during high rate charging improve 1s guessed as
follows. In the case where the graphite as an anode active
material does not have a predetermined hardness, it 1s
conceived that the battery element 1s confined at such a
predetermined confining pressure that the shape of the
graphite changes and a function as the active material
deteriorates. Here, FIG. 3 1s a schematic view showing an
example of a layer structure of the graphite. As shown 1n
FIG. 3, the graphite has a layer structure, and an edge plane
on which a conductive 1on (such as L1 1on) 1s mserted and
desorbed and a basal plane on which 1t 1s not nserted and
desorbed exist on the surface of the graphite. Also, the ratio
between the two planes on the surface of the graphite
changes 1n accordance with shape change of the graphite. In
the graphite not having a predetermined hardness, 1t 1s
conceived that the shape of the graphite may not sufliciently
be retained due to confining pressure of the battery element,
the ratio of the edge plane existing on the surface of the
graphite decreases relatively, and the ratio of the basal plane
increases relatively. Accordingly, 1t 1s conceived that an 10n
conduction path and an electron conduction path are not
secured, and a function of the graphite as the active material
deteriorates. In contrast, 1n the embodiment, the graphite has
such a predetermined hardness that the shape of the graphite
may be retained even though the battery element 1s confined
at a predetermined confining pressure. Thus, 1t 1s conceived
that the ratio of the edge plane existing on the surface of the
graphite 1s maintained and an 1on conduction path 1s secured.
Accordingly, a function of the graphite as the active material
1s maintained. Also, in the embodiment, 1t 1s conceived that
the battery element 1s confined at such a predetermined
confining pressure that a sulfide solid electrolyte 1s crushed
so moderately as to easily enter a gap in the graphite. Thus,
an anode active material layer more excellent in 10n con-
ductivity may be obtained. Accordingly, input characteris-
tics during high rate charging improve and an all solid state
battery suitable for high rate charging may be obtained.

The all solid state battery of the embodiment 1s hereinatfter
described 1n each constitution.

(1) Anode Active Material Layer

The anode active material layer 1in the embodiment 1s a
layer containing graphite as an anode active material and a
sulfide solid electrolyte.

(1) Anode Active Material

With regard to the graphite as an anode active material 1n
the embodiment, a hardness by a nanoindentation method
(an indentation method) 1s ordinarily 0.36 GPa or more,
preferably 0.40 GPa or more. The reason therefor 1s that the
case where the hardness of the graphite 1s less than the range
brings a possibility that the battery element i1s confined at
such a predetermined confining pressure that the shape of
the graphite may not be retained. That 1s to say, the ratio of
the edge plane existing on the surface of the graphite
decreases relatively and the ratio of the basal plane increases
relatively, so that an 10n conduction path and an electron
conduction path are not secured and a function of the




US 9,525,192 B2

S

graphite as the active material deteriorates. Also, the hard-
ness of the graphite 1s, for example, preterably 10 GPa or
less, more preferably 5 GPa or less, particularly preferably
3 GPa or less. Here, the nanoindentation method 1s a method
such that an indenter (such as a needle of a nano-order) 1s
pushed into a material surface to measure hardness and
Young’s modulus in a micro area from load and displace-
ment magnitude, which method has the advantage that
dispersion of numerical values may be lessened to measure
numerical values with favorable precision. Specifically, the
graphite as an anode active material was embedded 1n resin
and ground to measure the hardness of the graphite on a
surface thereof twenty times by using a nanoindenter (manu-
tactured by Agilent Technologies). The obtained numerical
values may be averaged to calculate the hardness.

Also, the graphite 1s not particularly limited if the graphite
1s such as to have the hardness described above, but 1s
preferably such that the relative ratio of the edge plane
existing on the surface of the graphite 1s a predetermined
value or more. Such a relative ratio of the edge plane
existing on the surface of the graphite 1s measured 1n the
tollowing manner. That is to say, the ratio 1s measured from
an I,,./1,,, value after pressing at a pressure of 4.3 ton/cm?
in the case of regarding X-ray diflraction intensity of a peak
on (002) plane of the graphite as I,,, and X-ray difiraction
intensity of a peak on (110) plane of the graphite as I,,,.
Here, (002) plane of the graphite corresponds to a basal
plane and (110) plane corresponds to an edge plane. Thus, in
the embodiment, from the viewpoint of insertion and des-
orption of a conductive 1on, the I,,,/1,,, value as diflraction
intensity ratio 1s preferably smaller, for example, preferably
the same range (specifically 200 or less) as the second
embodiment and fourth embodiment described later. Inci-
dentally, a calculation method for the diffraction intensity
ratio 1s described later.

The graphite 1s not particularly limited 11 the graphite 1s
such as to have the hardness described above, but may be
artificial graphite or natural graphite; among them, artificial
graphite may be appropriately used.

Examples of the shape of the graphite as an anode active
material include a particulate shape and a filmy shape. Also,
the average particle diameter of the graphite 1s preferably,
for example, within a range of 0.1 um to 50 um, above all,
within a range of 1 um to 50 um, and within a range of 1 um
to 20 um, further, within a range of 5 um to 15 um.
Incidentally, the average particle diameter may be measured
with observation by a scanning electron microscope (SEM),
for example. Also, the content of the anode active material
in the anode active matenal layer 1s, for example, preferably
within a range of 10% by weight to 99% by weight, more
preferably within a range of 20% by weight to 90% by
weight.

(1) Sulfide Solid Electrolyte

The sulfide solid electrolyte material 1n the embodiment 1s
not particularly limited 1f the sulfide solid electrolyte mate-
rial 1s such as to contain sulfur and have 1on conductivity.
The sulfide solid electrolyte has a soit and fragile property
as compared with an oxide based solid electrolyte, for
example. Thus, the application of confining pressure to the
battery element allows the sulfide solid electrolyte to easily
change (crush) in shape and enter a gap existing 1n the
graphite as an anode active material. Thus, the anode active
material layer excellent 1n 10n conductivity may be obtained.

Examples of the sulfide solid electrolyte 1n the embodi-
ment include L1,5—P,S., Li,S—P,S.—1.1l, L1,5—P,S.—
L1,0, L1,S—P,S.—1.1,0—Lil, L1,S—S81S,, L1,S—S81S,—
Lil, Li1,5—S1S,—1LiBr, Li1,S—Si1S,—Li1Cl, L1,S—S8S1S,—
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B,S, LiI L1,S—Si1S,—P,S.—Tial, L1,S—B,S;, L1,S—
P,S.—7 S (“m” and “n” are positive numbers; Z 1s any of
Ge, Zn and Ga; for example, Li; 5P, ,-Gey-65,), Li,—
GeS,, L1,85—818,—L1,P0O,4, and L1,S—S81S,—L1 MO, (*X”
and “y” are positive numbers; M 1s any of P, S1, Ge, B, Al,
Ga and In). Above all, L1,S—P,S. may be appropnately
used. Incidentally, the description of the “Li,S—P,S.”
refers to the sulfide solid electrolyte obtained by using a raw
material composition contamning L1,S and P,S., and the
same 1s applied to other descriptions.

Also, 1n the case where the sulfide solid electrolyte 1s
obtained by using a raw material composition containing
L1,S and P,S., the ratio of L1,S to the total of L1,S and P, S,
1s, for example, preferably within a range of 70 mol % to 80
mol %, more preferably within a range of 72 mol % to 78
mol %, and far more preferably within a range of 74 mol %
to 76 mol %. The reason therefor i1s that this allows the

sulfide solid electrolyte having an ortho-composition or a

composition in the neighborhood of 1t and allows the sulfide
solid electrolyte with high chemical stability. Here, ortho
generally means oxo acid which 1s the highest 1n degree of
hydration among oxo acids obtained by hydrating the same
oxide. In the present mvention, a crystal composition to
which the greatest amount of Li1,S 1s added among sulfides
1s called an ortho-composition. L1;PS, corresponds to the
ortho-composition in the L1,5S—P,S. system. In the case of
an [1,S—P,S.-based sulfide solid electrolyte, the ratio of
L1,S and P,S: such as to allow the ortho-composition 1is
L1,S:P,S.=75:25 on a molar basis. Incidentally, also 1n the
case of using Al,S; or B,S, instead of P,S; 1n the sulfide
solid electrolyte, the preferable range 1s the same. L1, AlS,
corresponds to the ortho-composition 1in the Li1,S—Al,S,
system and L1,BS; corresponds to the ortho-composition 1n
the L.1,5—B,S, system.

Also, 1n the case where the sulfide solid electrolyte 1s
obtained by using a raw material composition containing
L1,S and S1S,, the ratio of L1,S to the total of L1,S and S1S5,
1s, for example, preferably within a range of 60 mol % to 72
mol %, more preferably within a range of 62 mol % to 70
mol %, and far more preferably within a range of 64 mol %
to 68 mol %. The reason therefor i1s that this allows the
sulfide solid electrolyte having an ortho-composition or a
composition in the neighborhood of 1t and allows the sulfide
solid electrolyte with high chemical stability. L1,S1S, cor-
responds to the ortho-composition in the L1,S—S1S, system.
In the case of an L1,5S—S1S,-based sulfide solid electrolyte,
the ratio of Li1,S and Si1S, such as to allow the ortho-
composition 1s [1,S:51S,=66.7:33.3 on a molar basis. Inci-
dentally, also 1n the case of using GeS, mstead of S1S,, 1n the
sulfide solid electrolyte, the preferable range 1s the same.
L1,GeS, corresponds to the ortho-composition 1n the L1,S—
GeS, system.

Also, 1 the case where the sulfide solid electrolyte 1s
obtained by using L1X (X=—CI, Br and I), the ratio of LiX 1s,
for example, preferably within a range of 1 mol % to 60 mol
%, more preferably within a range of 5 mol % to 50 mol %,
and far more preferably within a range of 10 mol % to 40
mol %. Also, 1n the case where the sulfide solid electrolyte
1s obtained by usmg L1,0, the ratio of L1,0 1s, for example,
preferably within a range of 1 mol % to 25 mol %, more
preferably within a range of 3 mol % to 15 mol %.

The sulfide solid electrolyte 1n the present invention may
be sulfide glass, or crystallized sulfide glass obtaimned by
heat-treating the sulfide glass. The sulfide glass may be
obtained by amorphization treatment such as a mechanical
milling method and a melt extraction method. On the other
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hand, the crystallized sulfide glass may be obtained by
heat-treating the sulfide glass, for example.

The content of the sulfide solid electrolyte in the anode
active matenal layer 1s, for example, preferably within a
range of 1% by weight to 90% by weight, more preferably
within a range of 10% by weight to 80% by weight.

(111) Anode Active Material Layer

The anode active material layer may further contain a
conductive material and a binder as required. Examples of
the conductive material include carbon black such as acety-
lene black and Ketjen Black, and carbon fiber. The addition
of such a conductive material allows electron conduction of
the anode active material layer to be improved. Also,
examples of the binder include fluorine-containing binders
such as P1FE and PVDF.

The voidage of the anode active material layer 1s not
particularly limited 1f the voidage 1s such as to allow
suilicient energy density, but 1s, for example, preferably the
same range (specifically 30% or less) as the third embodi-
ment and fourth embodiment described later. Incidentally, a
calculation method for the voidage 1s described later. Also,
the thickness of the anode active material layer may be
properly determined in accordance with kinds of an intended
all solid state battery, and is preferably, for example, within
a range of 0.1 um to 1000 um, above all, within a range of
10 um to 100 um, further, within a range of 10 um to 50 um.

(2) Solid Electrolyte Layer

The solid electrolyte layer 1n the embodiment 1s a layer
containing at least a solid electrolyte. Examples of the solid
clectrolyte used for the present invention include an oxide
based solid electrolyte and a sulfide solid electrolyte, pret-
crably a sulfide solid electrolyte among them. Incidentally,
the same sulfide solid electrolyte as for the anode active
material layer may be used. Also, a polymer electrolyte and
a gel electrolyte except the oxide based solid electrolyte and
sulfide solid electrolyte may be used as the solid electrolyte
layer.

Examples of the polymer electrolyte imnclude a polymer
clectrolyte contaiming a lithium salt and a polymer. The
lithium salt 1s not particularly limited i1 the lithium salt 1s a
lithium salt used for a general lithium battery, but examples
thereot include LiPF ., LIBF,, LiN(CF,S0O.,),, LiCF,SO;,,
L1C,FSO,, LiC(CF;S0,), and LiCl10,. The polymer 1s not
particularly limited if the polymer 1s such as to form a
complex with the lithitum salt, but specific examples thereof
include polyethylene oxide.

Examples of the gel electrolyte include a gel electrolyte
contaiming a lithium salt, a polymer and a nonaqueous
solvent. The same lithium salt as for the polymer electrolyte
may be used. The nonaqueous solvent 1s not particularly
limited 11 the nonaqueous solvent may dissolve the lithium
salt, but examples thereol include propylene carbonate,
cthylene carbonate, diethyl carbonate, dimethyl carbonate,
cthyl methyl carbonate, 1,2-dimethoxyethane, 1,2-diethoxy-
cthane, acetonitrile, propionitrile, tetrahydrofuran, 2-meth-
yltetrahydrofuran, dioxane, 1,3-dioxolane, mitromethane,
N,N-dimethylformamide, dimethyl sulfoxide, sulfolane and
v-butyrolactone. These nonaqueous solvents may be used by
only one kind or by mixture of two kinds or more. Also, an
ambient-temperature molten salt may be used as a nonaque-
ous liquid electrolyte. Also, the polymer 1s not particularly
limited 1f the polymer may be gelatinized, but examples
thereol include polyethylene oxide, polypropylene oxide,
polyacrylonitrile, polyvinylidene fluoride (PVDF), polyure-
thane, polyacrylate and cellulose.

The content of the solid electrolyte in the solid electrolyte
layer 1s preferably, for example, 60% by weight or more,
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above all, 70% by weight or more, and particularly, 80% by
weight or more. The solid electrolyte layer may consist of
only the solid electrolyte described above, or contain a
binder. Incidentally, the same binder as for the anode active
material layer may be used. Also, the thickness of the solid
clectrolyte layer may be properly determined in accordance
with constitutions of an intended all solid state battery, and
1s preferably, for example, within a range of 0.1 um to 1000
um, above all, within a range of 0.1 um to 300 um.

(3) Cathode Active Matenal Layer

The cathode active material layer 1n the embodiment 1s a
layer containing at least a cathode active material, and may
further contain at least one of a solid electrolyte, a conduc-
tive material and a binder as required.

The cathode active matenial in the embodiment 1s properly
selected 1n accordance with kinds of a conductive 1on of an
intended all solid state battery, and 1s not particularly limited
if the cathode active matenial occludes and releases a con-
ductive 1on (such as L1 1on). Also, the cathode active
material may be an oxide cathode active material or a sulfide
cathode active material.

Examples of the oxide active material used as the cathode
active material include rock salt bed type active materials
such as Li1CoQO,, LiMnO,, LiN10,, L1iVO, and LiNi, ;,Co, 4
Mn, ,,O,, spinel type active materials such as LiMn,O, and
LiNi, -Mn, :O,, olivine type active matenials such as
LiFePO, and LiMnPO,, and Si-containing active materials
such as L1, FeS1C, and L1,MnS10,. Also, examples of the
oxide active material except the above include L1, 11:0,,. A
coat layer for inhibiting a reaction with a sulfide solid
clectrolyte material 1s preferably formed on the surface of
the oxide active material. The reason therefor 1s that this
allows a high resistive layer to be mhibited from occurring
by a reaction between the oxide active material and the
sulfide solid electrolyte. Examples of a material for the coat
layer include an oxide material having 1on conductivity, and
specific examples thereol include lithium miobate. Also,
examples of the sulfide active material used as the cathode
active material include copper Chevrel (Cu,MocS;), 1ron
sulfide (FeS), cobalt sulfide (CoS) and mickel sulfide (Ni1S).

Examples of the shape of the cathode active material
include a particulate shape. The average particle diameter of
the cathode active matenal 1s preferably, for example, within
a range of 0.1 um to 50 um, above all, within a range of 1
um to 50 um, and within a range of 1 um to 20 um, further,
within a range of 3 um to 5 um. Incidentally, the average
particle diameter may be measured with observation by a
scanning electron microscope (SEM), for example. Also, the
content of the cathode active material 1n the cathode active
material layer 1s, for example, preterably within a range of
10% by weight to 99% by weight, more preferably within a
range of 20% by weight to 90% by weight.

The cathode active material layer preferably contains the
solid electrolyte further. The reason therefor 1s that this
allows 10n conductivity in the cathode active matenial layer
to be improved. Incidentally, the same solid electrolyte
contained 1n the cathode active material layer as for the
anode active material layer may be used. The content of the
solid electrolyte 1n the cathode active material layer 1s, for
example, preferably within a range of 1% by weight to 90%
by weight, more preferably within a range of 10% by weight
to 80% by weight.

The cathode active material layer may contain a conduc-
tive material and a binder as required. Incidentally, the same
conductive material and binder as for the anode active
material layer may be used. Also, the thickness of the
cathode active material layer may be properly determined 1n
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accordance with kinds of an intended all solid state battery,
and 1s preferably, for example, within a range of 0.1 um to
1000 um, above all, within a range of 10 um to 100 um,
turther, within a range of 10 um to 50 pum.

(4) Battery Element

The battery element 1n the embodiment has the cathode
active material layer, the anode active maternial layer and the
solid electrolyte layer, and 1s confined at a confining pressure
more than 75 kgf/cm®. Thus, the battery element is confined
at such a predetermined confining pressure as to allow
expansion and contraction to be restrained. Therefore, even
in the case of repeatedly performing charge and discharge,
an all solid state battery with high durability may be
obtained. The confining pressure in the embodiment 1s not
particularly limited 1f the confining pressure 1s ordinarily
more than 75 kgf/cm?®, but is, for example, preferably 150
kgf/cm® or more, more preferably 400 kgf/cm”® or more. The
case where the confining pressure 1s too smaller than the
range causes the sulfide solid electrolyte 1n the anode active
material layer to enter a gap 1n the graphite with difliculty,
and brings a possibility of increasing a gap existing in the
anode active material layer. Therefore, an ion conduction
path and an electron conduction path are formed with
difficulty to deteriorate battery performance. On the other
hand, the confining pressure 1s, for example, preferably 1000
kegf/cm? or less, more preferably 500 kgt/cm? or less. The
reason therefor 1s that the case where the confining pressure
1s too larger than the range causes the shape of the graphite
as an anode active material to be retained with difficulty.
Theretore, a function as the anode active material described
above deteriorates and the performance of the anode active
material layer lowers. Also, the reason therefor 1s that space
and weight of a constraint member for confining the battery
clement increase to bring a possibility of saving space with
difficulty.

The battery element ordinarily has a cathode current
collector for collecting the cathode active material layer and
an anode current collector for collecting the anode active
material layer 1n addition to the cathode active matenal layer
described above and the like. Examples of a matenal for the
cathode current collector include SUS, aluminum, nickel,
iron, titanium and carbon. Also, examples of a material for
the anode current collector include SUS, copper, nickel and
carbon. Also, factors such as the thickness and shape of the
cathode current collector and the anode current collector are
preferably selected properly 1n accordance with uses of all
the solid state battery and the like. Also, a general battery
case may be used for a battery case to be used for the
embodiment, and examples thereof include a battery case

made of SUS.

(5) All Solid State Battery

The all solid state battery of the embodiment may have a
constitution except the battery element, and examples
thereof include a member for applying confining pressure to
the battery element (a constraint member). Such a constraint
member 1s not particularly limited 1f the constraint member
allows a desired confining pressure to the battery element.
Above all, the constraint member 1s preferably a member for
uniformly applying confining pressure to the whole surface
of the battery element. Specific examples of such a con-
straint member include a member having at least a support
plate. Also, a material for the constraint member 1s not
particularly limited if the material 1s a material endurable
against a predetermined pressure, but examples thereof
include metal, resin and rubber.

Examples of kinds of the all solid state battery of the
embodiment 1include an all solid lithium battery, an all solid
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sodium battery, an all solid magnesium battery and an all
solid calcium battery; above all, preferably an all solid

lithium battery. Also, the all solid state battery in the
embodiment may be a primary battery or a secondary
battery, preferably a secondary battery among them. The
reason therefor 1s that it may be repeatedly charged and
discharged and be useful as a car-mounted battery, for
example. Incidentally, the primary battery means a battery
available as a primary battery, that 1s, a battery which 1s first
charged sufliciently and thereafter discharged. Also,
examples of the shape of the all solid state battery of the
embodiment include a coin shape, a laminate shape, a
cylindrical shape and a rectangular shape. A method for
producing the all solid state battery of the embodiment 1s not
particularly limited 1f the method allows the all solid state
battery described above.

2. Second Embodiment

The all solid state battery of a second embodiment 1s an
all solid state battery comprising a battery element having a
cathode active material layer, an anode active material layer,
and a solid electrolyte layer formed between the cathode
active material layer and the anode active material layer,
characterized 1n that the anode active material layer contains
graphite as an anode active material and a sulfide solid
clectrolyte, the graphite has an I,,,/1,,, value of 200 or less
after pressing at a pressure of 4.3 ton/cm” in the case of
regarding X-ray diffraction intensity of a peak on (002)
plane as I,,, and X-ray diffraction intensity of a peak on
(110) plane as I,,,, and the battery element 1s confined at a
pressure more than 75 kgf/cm”.

FIG. 4 1s a schematic view showing an example of an
anode active material layer included in the all solid state
battery of the embodiment. As shown in FIG. 4, the anode
active material layer 2 contains graphite 2a as an anode
active material and a sulfide solid electrolyte (not shown 1n
the figure). The graphite 24 has an 1,,,/1,,, value of 200 or
less after pressing at a pressure of 4.3 ton/cm” in the case of
regarding X-ray diffraction intensity of a peak on (002)
plane as I,,, and X-ray diffraction intensity of a peak on
(110) plane as I,,,. In addition, the battery element 6 1s
confined at a confining pressure more than 75 kgf/cm”.
Incidentally, reference numerals not described 1n FIG. 4 are
the same as FIGS. 1 and 2; therefore, the description here 1s
omitted.

According to the present invention, the I,,./I,,, value
after pressing at a pressure of 4.3 ton/cm” is within a
predetermined range and the battery element 1s confined at
a predetermined confining pressure, so that input character-
istics during high rate charging improve. Thus, an all solid
state battery suitable for high rate charging may be obtained.

Thus, the reason why the 1,,,/1,,, value after pressing at
a pressure of 4.3 ton/cm” is within a predetermined range
and the battery element 1s confined at confining pressure and
thereby 1nput characteristics during high rate charging
improve 1s guessed as follows. Here, (002) plane of the
graphite corresponds to a basal plane and (110) plane
corresponds to an edge plane. As described in the section “1.
First embodiment”, a conductive 1on (such as L1 1on) 1s
inserted and desorbed on an edge plane, and a conductive
ion 1s not inserted and desorbed on a basal plane. In the case
where the I.,,/I,,, value 1s not within a predetermined
range, it 1s conceived that the ratio of the edge plane existing
on the surface of the graphite 1s relatively low, and the ratio
of the basal plane 1s relatively high. Accordingly, 1t 1s
conceived that an 1on conduction path and an electron
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conduction path are not secured, and a function as the active
material 1s not sufliciently obtained. In contrast, in the
embodiment, the 1,,,/1,,, value 1s within such a predeter-
mined range that the relative ratio of the edge plane on the
surface of the graphite 1s secured, and an 1on conduction
path and an electron conduction path are secured. In addi-
tion, 1n the embodiment, 1t 1s conceirved that the battery
clement 1s confined at such a predetermined confining
pressure that a sulfide solid electrolyte 1s crushed so mod-
crately as to easily enter a gap in the graphite. Thus, an
anode active material layer more excellent 1 10n conduc-
tivity may be obtained. Accordingly, iput characteristics
during high rate charging improve and an all solid state
battery suitable for high rate charging may be obtained.

The anode active material layer in the embodiment 1s a
layer containing graphite as an anode active material and a
sulfide solid electrolyte. The graphite 1s not particularly
limited if the I4-/1,,, value after pressing at a pressure of 4.3
ton/cm” is 200 or less, but the 1,,./1,,, value is preferably a
smaller value from the viewpoint of insertion and desorption
of a conductive 1on.

The I,,./1,,, value 1s ordinarily 200 or less, for example,
preferably 100 or less, more preferably 50 or less. The
reason theretfor 1s that the case where the I,,./1;,, value 1s
more than the range brings a possibility that the ratio of the
edge plane 1nvolved 1n insertion and desorption of a con-
ductive 1on becomes relatively low on the surface of the
graphite. Thus, an 10on conduction path and an electron
conduction path are secured with difliculty. Here, examples
of a measuring method for the X-ray diflraction intensity
include X-ray diffraction (XRD) measurement using CuKa.
ray. Specifically, the X-ray diffraction intensity may be
obtained by measuring each of an intensity of a diflraction
peak for indicating (002) plane, which appears 1n a position
of a diflraction angle 20=26.5°+1.0°, and an intensity of a
diffraction peak for indicating (110) plane, which appears 1n
a position of a diflraction angle 20=77.5°£1.0° (particularly,
20=77.5°+£0.03°). Incidentally, the 1,,,/1,,, value may be a
value obtained by XRD measuring the anode active material
layer contaiming the graphite as an anode active material and
another constitution such as the sulfide solid electrolyte
described later after pressing at a pressure of 4.3 ton/cm”, or
a value obtained by XRD measuring a laminated body, 1n
which the anode active matenal layer, the solid electrolyte
layer and the cathode active material layer described above
are laminated, after pressing at a pressure of 4.3 ton/cm”.
The reason therefor 1s that the sulfide solid electrolyte
contained 1n the anode active material layer 1s such a
comparatively soit material that the 1,,-/1,,, value obtained
by measuring the graphite after pressing at the pressure
described above and the 1,,./1,,, value obtained by measur-
ing the anode active material layer after pressing at the
pressure described above are approximate values.

Also, the graphite as an anode active material preferably
has a hardness of 0.36 GPa or more, for example. As
described 1n the section 1. First embodiment”, it 1s con-
ceived that the relative ratio between the edge plane and the
basal plane on the surface of the graphite changes in
accordance with shape change of the graphite. Thus, the
graphite has such a predetermined hardness as to bring a
high possibility that the shape of the graphite may be
retained even though the battery element 1s confined at a
predetermined confining pressure. Thus, the relative ratio of
the edge plane existing on the surface of the graphite 1s
maintained, and an 1on conduction path and an electron
conduction path are secured.
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With regard to the anode active material layer in the
embodiment, the voidage thereof 1s not particularly limited

if the voidage 1s such as to secure an 10n conduction path and
an electron conduction path, but is, for example, preferably
the same range (specifically 30% or less) as the third
embodiment and fourth embodiment described later. Inci-
dentally, a calculation method for the voidage 1s described
later.

The material and shape of an anode active material in the
embodiment, or another constitution of the anode active
material layer in the embodiment are the same as that in the
section “1. First embodiment”.

The battery element 1n the embodiment has the cathode
active material layer, the anode active material layer and the
solid electrolyte layer, and 1s confined at a confining pressure
more than 75 kgf/cm?. Incidentally, the confining pressure is
the same as defined in the first embodiment. Also, the
cathode active material layer, the solid electrolyte layer,
another constitution of the battery element, and another 1tem
of the all solid state battery 1in the embodiment are the same
as those described in the section 1. First embodiment™;
therefore, the description here 1s omitted.

3. Third Embodiment

The all solid state battery of a third embodiment 1s an all
solid state battery comprising a battery element having a
cathode active material layer, an anode active material layer,
and a solid electrolyte layer formed between the cathode
active material layer and the anode active material layer,
characterized 1n that the anode active material layer contains
graphite as an anode active material and a sulfide solid
clectrolyte, the graphite has a hardness of 0.36 GPa or more
by a nanoindentation method, and a voidage of the anode
active material layer 1s 30% or less.

FIG. 5 1s a schematic view showing an example of an
anode active material layer included in the all solid state
battery of the embodiment. As shown in FIG. 3, the anode
active material layer 2 contains graphite 2a as an anode
active material and a sulfide solid electrolyte (not shown 1n
the figure). With regard to the graphite 2a, a hardness
calculated by a nanoindentation method 1s 0.36 GPa or
more. Also, the voidage 1n the anode active material layer 2
1s 30% or less. Incidentally, reference numerals not
described 1n FIG. 5 are the same as FIGS. 1 and 2; therefore,
the description here 1s omitted.

According to the present invention, the graphite as an
anode active material has a predetermined hardness and the
voldage of the anode active material layer 1s within a
predetermined range, so that input characteristics during
high rate charging improve. Thus, an all solid state battery
suitable for high rate charging may be obtained.

Thus, the reason why the graphite has a predetermined
hardness and the voidage of the anode active material layer
1s within a predetermined range and thereby iput charac-
teristics during high rate charging improve 1s guessed as
follows. That 1s to say, in the anode active matenial layer, the
voldage 1s preferably smaller from the viewpoint of improv-
ing 1on conductivity of the solid electrolyte material con-
tained 1n the anode active material layer. Also, 1n the case
where the voidage of the anode active matenial layer 1s
within a predetermined range, when the graphite as an anode
active material does not have a predetermined hardness,
there 1s a possibility that the shape of the graphite may not
sulliciently be retained. Thus, as described 1n the section “1.
First embodiment”, the ratio of the edge plane existing on
the surface of the graphite decreases relatively, and the ratio
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of the basal plane increases relatively. Accordingly, it 1s
conceived that an 10n conduction path and an electron
conduction path are not secured, and a function of the
graphite as the active material deteriorates. In contrast, 1n the
embodiment, the graphite has such a suflicient hardness that
the shape of the graphite may be sufliciently retained 1n the
case where the voidage of the anode active material layer 1s
within a predetermined range. Thus, it 1s concerved that the
ratio of the edge plane existing on the surface of the graphite
1s maintained and an 1on conduction path 1s secured. Accord-
ingly, input characteristics during high rate charging
improve and an all solid state battery suitable for high rate
charging may be obtained.

The anode active material layer in the embodiment 1s a
layer contaiming the graphite as an anode active material and
the sulfide solid electrolyte, and having a voidage of 30% or
less. Also, with regard to the graphite, a hardness calculated
by a nanoindentation method 1s 0.36 GPa or more. Here, the
graphite, the sulfide solid electrolyte, or another constitution
of the anode active material layer may be the same as 1n the
section “1. First embodiment”.

The voidage 1n the anode active material layer 1s not
particularly limited 11 the voidage 1s ordinarily 30% or less.
Here, the “voidage™ means the voidage of the anode active
material layer in the obtained battery element, which 1s
produced so as to include a cathode active material layer, a
solid electrolyte layer, and an anode active material layer.
The voidage 1s preferably 15% or less, for example. The
reason therefor 1s that the case where the voidage 1s more
than the range brings a possibility of lowering energy
density in the anode active material layer. Thus, battery
characteristics deteriorate. Here, examples of a calculation
method for the voidage include a method for calculating by
using the following expression.

voidage (%)=100-1illing factor (% )=100-(volume of
anode active material layer calculated from true
density)/(volume of real anode active material

layer)

Incidentally, “volume of anode active material layer cal-
culated from true density” in the expression means the total
of volumes obtained by dividing the weight of each material
(such as anode active material and sulfide solid electrolyte)
contained in the anode active material layer by the true
density of each material, and “volume of real anode active
material layer” means volumes calculated from sizes of the
real anode active material layer.

The battery element 1n the embodiment 1s not particularly
limited 11 the battery element 1s such as to contain the anode
active material layer described above, but i1s preferably
confined at a predetermined confining pressure, for example.
The confining pressure 1s properly determined 1n accordance
with the voidage of the intended anode active material layer,
and 1s, for example, preferably 1n the same range (specifi-
cally 75 kgf/cm® or more) as the first embodiment and
second embodiment described above. Also, another consti-
tution of the battery element and another item of the all solid
state battery in the embodiment are the same as those
described 1n the section “1. First embodiment”; therefore,
the description here 1s omuitted.

4. Fourth Embodiment

The all solid state battery of a fourth embodiment 1s an all
solid state battery comprising a battery element having a
cathode active matenal layer, an anode active material layer,
and a solid electrolyte layer formed between the cathode
active material layer and the anode active material layer,
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characterized 1n that the anode active material layer contains
graphite as an anode active material and a sulfide solid
clectrolyte, the graphite has an 1,,,/1,,, value of 200 or less
after pressing at a pressure of 4.3 ton/cm” in the case of
regarding X-ray diffraction intensity of a peak on (002)
plane as I,,, and X-ray diffraction intensity of a peak on
(110) plane as I,,,, and a voidage of the anode active
material layer 1s 30% or less.

FIG. 6 1s a schematic view showing an example of an
anode active material layer included in the all solid state
battery of the embodiment. As shown in FIG. 6, the anode
active material layer 2 contains graphite 2a as an anode
active material and a sulfide solid electrolyte (not shown 1n
the figure). The graphite 2a has an I,,,/1,,, value of 200 or
less 1n the case of regarding X-ray diffraction intensity of a
peak on (002) plane as I, and X-ray diffraction intensity of
a peak on (110) plane as I,,,. Also, the voidage of the anode
active maternial layer 2 in the battery element 6 1s 30% or
less. Incidentally, reference numerals not described 1n FIG.
6 are the same as FIGS. 1 and 2; therefore, the description
here 1s omuitted.

According to the present invention, the I,,,/1;,, value
after pressing at a pressure of 4.3 ton/cm® is within a
predetermined range and the voidage of the anode active
material layer 1s within a predetermined range, so that input
characteristics during high rate charging improve and an all
solid state battery suitable for high rate charging may be
obtained.

Thus, the reason why the I,,,/1,,, value after pressing at
a pressure of 4.3 ton/cm” is within a predetermined range
and the voidage of the anode active material layer 1s within
a predetermined range and thereby input characteristics
during high rate charging improve 1s guessed as follows.
That 1s to say, as described 1n the section “2. Second
embodiment”, a conductive 1on (such as L1 10n) 1s inserted
and desorbed on an edge plane (corresponding to (110) plane
of the graphite), and a conductive 10n 1s not inserted and
desorbed on a basal plane (corresponding to (002) plane of
the graphite). Thus, 1n the case where the 1,,,/1,,, value 1s
not within a predetermined range, it 1s concerved that the
ratio of the edge plane existing on the surface of the graphite
1s relatively low, and the ratio of the basal plane 1s relatively
high. Accordingly, it 1s conceived that an 1on conduction
path and an electron conduction path are not secured, and a
function as the active material 1s not sufliciently obtained.
Also, as described 1n the section “3. Third embodiment”, the
voldage 1n the anode active material layer i1s preferably
smaller from the viewpoint of improving 1on conductivity of
the solid electrolyte material contained 1n the anode active
material layer. Accordingly, input characteristics during high
rate charging improve and an all solid state battery suitable
for high rate charging may be obtained.

The anode active material layer 1in the embodiment 1s a
layer contaiming the graphite as an anode active matenal and
the sulfide solid electrolyte layer. Also, the graphite has the
I,0-/1,,, Value ot 200 or less. Such graphite may be the same
as 1n the section “2. Second embodiment”.

The anode active material layer 1s not particularly limited
if the voidage 1s ordinarily 30% or less, but may be the same
as 1n the section 3. Third embodiment™.

Another constitution of the anode active material layer,
another constitution of the battery element, and another 1tem
of the all solid state battery 1in the embodiment are the same
as those described in the section “1. First embodiment™;
therefore, the description here 1s omatted.

Incidentally, the present invention 1s not limited to the
above-mentioned embodiments. The above-mentioned
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embodiments are exemplification, and any 1s included in the
technical scope of the present invention if 1t has substantially
the same constitution as the technical idea described i the

claim of the present invention and oflers similar operation
and eflect thereto.

EXAMPLES

The present invention 1s described more specifically while
showing examples hereinatter.

Example 1

Synthesis of Sulfide Solid Electrolyte

First, lithium sulfide (L1,S) and diphosphorus pentasulfide
(P,S;) were used as a starting material. These powders were
weighed 1n a glove box under an Ar atmosphere (dew-point
temperature: —70° C.) so as to become a molar ratio of
L1,S:P,S.=70:30. Projected into a 45-ml zirconia pot was 1
g of this mixture, and zirconia ball (=10 mm, 10 pieces)
was further projected thereinto to hermetically seal the pot
completely (Ar atmosphere). This pot was mounted on a
planetary ball milling machine (P7™ manufactured by
FRITSCH JAPAN CO., LTD.) to perform mechanical mill-
ing for 20 hours at the number of soleplate revolutions of
370 rpm and then obtain sulfide glass. Thereafter, the
obtained sulfide glass was heated 1n Ar and crystallized. The
heating conditions were the conditions of heating from room
temperature up to 260° C. at 10° C./minute to thereafter cool
to room temperature. Thus, crystallized sulfide glass (sulfide
solid electrolyte) having a composition of 70L1,S-30P,S.
was obtained.

(Production of Battery)

Slurry containing LiN1, ,,Co, ,;Mn, ,O, (a cathode active
material) coated with LiNbO, and the sulfide solid electro-
lyte described above at a volume ratio of 6:4 was coated on
an aluminum foil (a cathode current collector) to obtain a
cathode. Next, graphite (an anode active material) and the
sulfide solid electrolyte described above were prepared into
an anode mixture so as to be at a volume ratio of 6:4, and
slurry containing the anode mixture was coated on a copper
fo1l to obtain an anode. In addition, slurry containing the
sulfide solid electrolyte described above was coated on an
anode active material layer of the obtained anode to form a
solid electrolyte layer. Next, the anode and the cathode were
laminated so that the solid electrolyte layer formed on the
anode and a cathode active material layer of the cathode
contact, and pressed at a pressure of 4.3 ton/cm” to thereby
obtain a battery element with the composition shown in FIG.
1. The obtained battery element was confined at a pressure
of 450 kgf/cm”. An evaluation battery was produced by
using the obtained battery element. Incidentally, the voidage
of the anode active matenal layer in the obtained evaluation
battery was 9%.

Examples 2 to 4

An evaluation battery was obtained in the same manner as
Example 1 except that the battery element was confined at
a pressure of the value as shown 1n Table 1.

Comparative Example 1

An evaluation battery was obtained in the same manner as
Example 1 except that graphite with a hardness of 0.35 GPa
was used as the anode active materal.
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Comparative Examples 2 to 4

An evaluation battery was each obtained in the same
manner as Comparative Example 1 except that the battery
clement was confined at a pressure of the value as shown 1n
Table 1.
| Evaluations]

(Hardness Measurement of Graphite)

In Examples 1 to 4 and Comparative Examples 1 to 4, the
graphite as an anode active material was embedded 1n resin
and ground to measure the hardness of the graphite on a
surface thereol twenty times by using a nanoindenter (manu-
factured by Agilent Technologies). The obtained numerical
values were averaged and regarded as the hardness of the
graphite. The results are shown 1n Table 1. Incidentally, the
measurement conditions are an mdentation depth of 500 nm
and a measurement mode of CSM.

(X-Ray Diffraction Measurement)

In Examples 1 to 4 and Comparative Examples 1 to 4, the
graphite used as an anode active material was prepared nto
powder. Put in a vessel of 1 cm” was 100 mg of the prepared
anode mixture and pressed at a pressure of 4.3 ton/cm”. The
graphite after being pressed was subject to X-ray diflraction
(XRD) measurement to obtain diffraction intensity ratio
I,o-/1;10. Incidentally, XRD measurement was performed
under an iert atmosphere on the condition of using CuKa.
ray. Specifically, 1,,-/1,,, was calculated from an intensity of
a diffraction peak for indicating (002) plane, which appears
in a position of 20=26.5°+1.0°, and an ntensity of a dii-
fraction peak for indicating (110) plane, which appears 1n a
position of 20=77.5°£0.03°. The results are described in
Table 1.

(Measurement of Charging Capacity)

The evaluation battery each obtained 1n Examples 1 to 4
and Comparative Examples 1 to 4 was lelt at a temperature
of 25° C. for 3 hours to thereafter perform charge and
discharge at /AC rate. Thereafter, charge and discharge were
performed at 1.5C rate to measure the capacity of the anode
such as to allow ordinary charge with no descent of voltage.
Incidentally, the “descent of voltage” means a descent of
voltage by 0.2 mV or more 1n a short period. The results are
shown 1n Table 1.

TABLE 1
Diffrac- 1A C 1.5 C
tion In- Con- Charg- Charg-
Hard-  tensity fining  Void- 1ng Ca- ing Ca-
NESS Ratio Pressure  age pacity pacity
(Gpa) (Too2/I110) (kgflem®) (%)  (mAh/g)  (mAh/g)
Example 1 0.64 25 450 9 202 120
Example 2 0.64 25 150 15 157 80
Example 3 0.64 25 75 18 141 40
Example 4 0.64 25 15 22 126 12
Compara-  0.35 246 450 8 197 97
tive
Example 1
Compara-  0.35 246 150 12 138 73
tive
Example 2
Compara-  0.35 246 75 13 117 51
tive
Example 3
Compara-  0.35 246 15 15 105 32
tive
Example 4
Any of Examples 1 to 2 and Comparative Examples 1 to

2 1s such that the battery element 1s confined at a pressure
more than 75 kgf/cm®. As shown in Table 1, in comparing
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Example 1 and Comparative Example 1 with a confining
pressure of 450 kgf/cm?, it may be confirmed that Example
1 exhibits higher charging capacity at both low rate (15C)
and high rate (1.5C). Also, 1n comparing Example 2 and
Comparative Example 2 with a confining pressure of 150
kef/cm®, it may be confirmed that Example 2 exhibits higher
charging capacity at both low rate and high rate. Thus, 1n the
case where the battery element 1s confined at a predeter-
mined pressure, with regard to the graphite used as an anode
active material, 1t may be confirmed that ligh charging
capacity 1s obtained 1n high rate charging by determining a
hardness calculated by a nanoindentation method at 0.64
GPa as a predetermined value (0.36 GPa) or more, or
determining a diffraction intensity ratio I,,./1,,, value at 25
as less than a predetermined value (200).

Also, 1 Table 1, 1t may be confirmed that the voidages of
the anode active material layer are identical in Example 2
and Comparative Example 4. In comparing Example 2 and
Comparative Example 4, 1t may be confirmed that the
charging capacity of Example 2 becomes higher at both low
rate and high rate. Here, through the results of Table 1, in
Examples 1 to 4 and Comparative Examples 1 to 4, the
charging capacity at low rate and high rate tends to lower as
the voidage becomes higher. Thus, 1n a range (such as 30%
or less) of the voidage such as to include Examples 1 to 4
and Comparative Examples 1 to 4, in the evaluation batteries
tor which the voidages of the anode active matenal layer are
at a similar level, with regard to the graphite used as an
anode active material, 1t may be confirmed that high charg-
ing capacity 1s obtained 1n high rate charging by determining
a hardness calculated by a nanoindentation method at 0.64
GPa as a predetermined value (0.36 GPa) or more, or
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determining a diffraction intensity ratio I,4./1;,, value at 25
as less than a predetermined value (200).

REFERENCE SIGNS LIST

cathode active material layer
anode active matenal layer

. graphite (anode active material)
solid electrolyte layer

cathode current collector

anode current collector

battery element

.. all solid state battery

The mvention claimed 1s:

1. An all solid state battery comprising a battery element
having a cathode active material layer, an anode active
matenal layer, and a solid electrolyte layer formed between
the cathode active material layer and the anode active
material layer, wherein

the anode active material layer contains graphite as an

anode active material and a sulfide solid electrolyte,

the graphite has a hardness of 0.64 GPa or more by a

nanoindentation method,

the graphite has an I,,,/1,,, value of 25 or less after

pressing at a pressure of 4.3 ton/cm” in the case of
regarding X-ray diflraction intensity of a peak on (002)
plane as I, and X-ray diflraction intensity of a peak on
(110) plane as I, ,,,

a voidage of the anode active matenal layer 1s 15% or less,

and

the battery element is confined at a pressure 150 kgf/cm?

Or more.

d

1
2
2
3
4
5
6
1
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